Assembly of collagen fibrils and other multimeric structures ↗ Stable identifier: R-HSA-2022090 Collagen trimers in triple-helical form, referred to as procollagen or collagen molecules, are exported from the ER and trafficked through the Golgi network before secretion into the extracellular space. For fibrillar collagens namely types I, II, III, V, XI, XXIV and XXVII (Gordon & Hahn 2010 , Ricard-Blum 2011 secretion is concomitant with processing of the N and C terminal collagen propeptides. These processed molecules are known as tropocollagens, considered to be the units of higher order collagen structures.
They form within the extracellular space via a process that can proceed spontaneously, but in the cellular environment is regulated by many collagen binding proteins such as the FACIT (Fibril Associated Collagens with Interrupted Triple helices) family collagens and Small Leucine-Rich Proteoglycans (SLRPs).
The architecture formed ultimately depends on the collagen subtype and the cellular conditions. Structures include the well-known fibrils and fibres formed by the major structural collagens type I and II plus several different types of supramolecular assembly (Bruckner 2010) . The mechanical and physical properties of tissues depend on the spatial arrangement and composition of these collagen-containing structures (Kadler et al. 1996 , Shoulders & Raines 2009 , Birk & Bruckner 2011 .
Fibrillar collagen structures are frequently heterotypic, composed of a major collagen type in association with smaller amounts of other types, e.g. type I collagen fibrils are associated with types III and V, while type II fibrils frequently contain types IX and XI (Wess 2005) . Fibres composed exclusively of a single collagen type probably do not exist, as type I and II fibrils require collagens V and XI respectively as nucleators (Kadler et al. 2008 , Wenstrup et al. 2011 . Much of the structural understanding of collagen fibrils has been obtained with fibril-forming collagens, particularly type I, but some central features are believed to apply to at least the other fibrillar collagen subtypes (Wess 2005) . Fibril diameter and length varies considerably, depending on the tissue and collagen types (Fang et al. 2012) . The reasons for this are poorly understood (Wess 2005) . Some tissues such as skin have fibres that are approximately the same diameter while others such as tendon or cartilage have a bimodal distribution of thick and thin fibrils. Mature type I collagen fibrils in ten-don are up to 1 cm in length, with a diameter of approx. 500 nm. An individual fibrillar collagen triple helix is less than 1.5 nm in diameter and around 300 nm long; collagen molecules must assemble to give rise to the higher-order fibril structure, a process known as fibrillogenesis, prevented by the presence of C-terminal propeptides (Kadler et al. 1987) . In electron micrographs, fibrils have a banded appearance, due to regular gaps where fewer collagen molecules overlap, which occur because the fibrils are aligned in a quarter-stagger arrangement (Hodge & Petruska 1963) . Collagen microfibrils are believed to have a quasi-hexagonal unit cell, with tropocollagen arranged to form supertwisted, right-handed microfibrils that interdigitate with neighbouring microfibrils, leading to a spiral-like structure for the mature collagen fibril (Orgel et al. 2006 , Holmes & Kadler 2006 .
Neighbouring tropocollagen monomers interact with each other and are cross-linked covalently by lysyl oxidase (Orgel et al. 2000 , Maki 2006 . Mature collagen fibrils are stabilized by lysyl oxidase-mediated cross-links. Hydroxylysyl pyridinoline and lysyl pyridinoline cross-links form between (hydroxy) lysine and hydroxylysine residues in bone and cartilage (Eyre et al. 1984) . Arginoline cross-links can form in cartilage (Eyre et al. 2010); mature bovine articular cartilage contains roughly equimolar amounts of arginoline and hydroxylysyl pyridinoline based on peptide yields. Mature collagen fibrils in skin are stabilized by the lysyl oxidase-mediated cross-link histidinohydroxylysinonorleucine (Yamauch et al. 1987 ).
Due to the quarter-staggered arrangement of collagen molecules in a fibril, telopeptides most often interact with the triple helix of a neighbouring collagen molecule in the fibril, except for collagen molecules in register staggered by 4D from another collagen molecule. Fibril aggregation in vitro can be unipolar or bipolar, influenced by temperature and levels of C-proteinase, suggesting a role for the N-and Cpropeptides in regulation of the aggregation process (Kadler et al. 1996) . In vivo, collagen molecules at the fibril surface may retain their N-propeptides, suggesting that this may limit further accretion, or alternatively represents a transient stage in a model whereby fibrils grow in diameter through a cycle of deposition, cleavage and further deposition (Chapman 1989).
In vivo, fibrils are often composed from more than one type of collagen. Type III collagen is found associated with type I collagen in dermal fibrils, with the collagen III on the periphery, suggesting a regulatory role (Fleischmajer et al. 1990 ). Type V collagen associates with type I collagen fibrils, where it may limit fibril diameter (Birk et al. 1990 , White et al. 1997 . Type IX associates with the surface of narrow diameter collagen II fibrils in cartilage and the cornea (Wu et al. 1992 , Eyre et al. 2004 . Highly specific patterns of crosslinking sites suggest that collagen IX functions in interfibrillar networking (Wess 2005).
Type XII and XIV collagens are localized near the surface of banded collagen I fibrils (Nishiyama et al. 1994 ). Certain fibril-associated collagens with interrupted triple helices (FACITs) associate with the surface of collagen fibrils, where they may serve to limit fibril fusion and thereby regulate fibril diameter Collagen IX is cross-linked to the surface of collagen type II fibrils (Eyre et al. 1987) . Type XII and XIV collagens are found in association with type I (Walchli et al. 1994 ) and type II (Watt et al. 1992 , Eyre 2002 fibrils in cartilage. They are thought to associate non-covalently via their COL1/NC1 domains (Watt et al. 1992 , Eyre 2002 . 
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Connect These are stable at physiological conditions but readily cleaved at acid pH or elevated temperature.
When hydroxylysine residues are the source of aldehydes formed by lysyl oxidase the hydroxyallysine cross-linking pathway leads to the formation of more stable ketoimine cross-links.
Telopeptide lysine residues can be converted by LOX to allysine, which can react with a helical hy-droxylysine residue forming the lysine aldehyde aldimine cross-link dehydro hydroxylysino norleucine (deHHLNL) (Bailey & Peach 1968 , Eyre et al. 2008 ). If the telopeptide residue is hydroxylysine, the hydroxyallysine formed by LOX can react with a helical hydroxylysine forming the Schiff base, which spontaneously undergoes an Amadori rearrangement resulting in the ketoimine cross link hydroxylysino 5 ketonorleucine (HLKNL). This stable cross-link is formed in tissues where telopeptide residues are predominanly hydroxylated, such as foetal bone and cartilage, accounting for the relative insolubility of collagen from these tissues (Bailey et al. 1998) . In bone, telopeptide hydroxyallysines can react with the epsilon-amino group of a helical lysine (Robins & Bailey 1975) . The resulting Schiff base undergoes Amadori rearrangement to form lysino-hydroxynorleucine (LHNL). An alternative mechanism of maturation of ketoimine cross-links has been reported in cartilage leading to the formation of arginoline (Eyre et al. 2010 ).
These divalent crosslinks greatly diminish as connective tissues mature, due to further spontaneous reactions (Bailey & Shimokomaki 1971 , Robins & Bailey 1973 with neighbouring peptides that result in triand tetrafunctional cross-links. In mature tissues collagen cross-links are predominantly trivalent. The most common are pyridinoline or 3-hydroxypyridinium cross-links, namely hydroxylysyl-pyridinoline (HL-Pyr) and lysyl-pyridinoline (L-Pyr) cross-links (Eyre 1987 , Ogawa et al. 1982 , Fujimoto et al. 1978 et al. 1981 et al. , Kuypers et al. 1992 . A further three-way crosslink can form when DeH-HLNL reacts with histidine to form histidino-hydroxylysinonorleucine (HHL), found in skin and cornea (Yamauchi et al. 1987 (Yamauchi et al. , 1996 . This can react with an additional lysine to form the tetrafunctional cross-link histidinohydroxymerodesmosine (Reiser et al. 1992 , Yamauchi et al. 1996 .
Another mechanism which could be involved in the cross-linking of collagen IV networks is the sul- To improve clarity inter-chain cross-linking is represented here for Collagen type I only. Although the formation of each type of cross-link is represented here as an independent event, the partial and random nature of lysine hydroxylation and subsequent lysyl oxidation means that any combination of these cross-linking events could occur within the same collagen fibril .
Bailey, AJ., Paul, RG., Knott, L. (1998) 
Eyre, DR., Pietka, T., Weis, MA., Wu, JJ. (2004) . Covalent cross-linking of the NC1 domain of collagen type IX to collagen type II in cartilage. J Biol Chem, 279, 2568-74. ↗
Table of Contents
Introduction 1
Assembly of collagen fibrils and other multimeric structures 2 Formation of collagen fibrils 5
Formation of collagen networks 6
Anchoring fibril formation 7
Crosslinking of collagen fibrils 8
Formation of collagen fibres 10
Collagen XI cross-links with collagen II 11
Collagen IX is cross-linked to the surface of collagen type II fibrils 12
Type XII and XIV collagens associate with type I and type II fibrils. 13
Type X collagen associates with collagen type II fibrils 14
Hemidesmosome formation 15
Release of endostatin-like peptides 17 Table of Contents  18 
